Three chiral derivatization reagents: 2-[4-(L-leucyl)aminophenyl]-6-methoxybenzoxazole, 2-[4-(n-phenylglycyl)aminophenyl]-6-methoxybenzoxazole, and 2-[4-(L-phenylalanyl)aminophenyl]-6-methoxybenzoxazole, have been synthesized to permit separation of carboxylic acid enantiomers by high-performance liquid chromatography. Enantiomeric carboxylic acids were readily condensed with the chiral reagents in the presence of 2,2'-dipyridyl disulfide and triphenylphosphine.
The stereoisomers of racemic drugs are often readily distinguished by biological systems, and may have different pharmacokinetic properties and different pharmacologic or toxicologic effects. The development of racemic drugs raises issues of acceptable manufacturing control of synthesis and impurities, adequate pharmacologic and toxicologic assessment, proper characterization of metabolism and distribution, and appropriate clinical evaluation. Therefore, stereospecific analysis becomes a key technique in chiral drug development.
High-performance liquid chromatography (HPLC) has been most widely used for chiral separation. Chiral separation can be performed in either a direct mode, using chiral stationary phases or chiral mobile phases, or an indirect mode, using chiral derivatization reagent. A chiral derivatization reagent that has an appropriate chromophore or fluorophore is a useful tool for trace analysis in biological specimens with respect to selectivity, sensitivity, and versatility. Therefore, many chiral derivatization reagents have been developed for resolution of enantiomeric drugs by HPLC.1, 2 It has already been demonstrated that a series of 2-phenylbenzoxazole derivatives possessed strong fluorescence. Hence, some of them were applicable as sensitive fluorescence probes for trace analysis of organic compounds. [3] [4] [5] In a previous paper6, we reported that we synthesized (-)-2-[4-(1-aminoethyl)phenyl]benzoxazole ((-)-APMB) as a chiral derivatization reagent for carboxylic acid enantiomer. However, semipreparative resolution is necessary to obtain (-)-APMB from the racemate. This step is inevitable, but rather time-consuming, for the preparation of the reagent. This paper describes the synthesis of three chiral derivatization reagents: 2-[4-(L-leucyl)aminophenyl]-6-methoxybenzoxazole (L-LeuBOX), 2-[4-(n-phenylglycyl)aminophenyl]-6-methoxybenzoxazole (n-PgBOX), and 2-[4-(L-phenylalanyl)aminophenyl]-6-methoxybenzoxazole (L-PheBOX), and their applicability to the resolution of enantiomeric carboxylic acids.
Experimental

Materials and chemicals
All chemicals for synthesis were of guaranteed-reagent grade and all organic solvents for chromatographic purposes were of special grade for HPLC, obtained from Wako (Osaka, Japan). 4-Isobutyl-a-methylphenylacetic acid (ibuprofen) and 6-methoxy-a-naphthaleneacetic acid (naproxen) were purchased from Funakoshi (Tokyo, Japan), Z-amino acid from Tokyo Kasei (Tokyo, Japan), 2-phenylpropionic acid from Norse Laboratories (Newburyport, CA, USA), 2-fluoro-amethyl-4-biphenylacetic acid (flurbiprofen) from Sigma (St. Louise, MO, USA). 2,2'-Dipyridyl disulfide (DPDS) and triphenylphosphine (TPP) were purchased from Tokyo Kasei. Water was purified with a Milli-Q water purification unit (Millipore, Bedford, MA, USA).
Instruments
A Hitachi (Tokyo, Japan) Model 650-40 spectrofluorometer was used for measurement of fluorescence spectra. The HPLC system consisted of a Shimadzu (Kyoto, Japan) Model LC-6A HPLC pump equipped with a Shimadzu autoinjector SIL-6B, a Shimadzu Model RF-550 fluorescence HPLC monitor, a Senshu (Tokyo, Japan) column oven Model 3502C and an Elmer (Tokyo, Japan) on-line degasser Model ERC-3310; the system was linked to a Shimadzu Model C-R6A chromatographic integrator.
Synthesis of chiral derivatization reagent
The following methods were used for analysis of the synthetic products. Melting-points were measured by a Mettler (Switzerland) Model FP-2, and are uncorrected. Proton nuclear magnetic resonance (1H-NMR) spectra were measured using a JEOL (Tokyo, Japan) Model JNM-GSX400 spectrometer at 400 MHz, chemical shift values being expressed in ppm downfield from tetramethylsilane as an internal standard. A Perkin-Elmer (Norwalk, CT, USA) Model 1750 infrared spectrometer was used for infrared spectral measurement. Mass spectra were measured with a JEOL Model DX-300 mass spectrometer in the electron impact mode. 2-(4-Nitrophenyl)-6-methoxybenzoxazole [I] .
To a stirred suspension of ethyl p-nitrobenzimidate hydrochloride (10.2 g) in ethanol (200 ml), was immediately added 2-amino-5-methoxyphenol (7.2 g), which had been prepared by reduction of 5-methoxy-2-nitrophenol with sodium hydrosulfite. The reaction mixture was refluxed for 1 h, and then cooled in an ice-water bath. 
To a solution of Boc-L-leucine (1.2 g) in dichloromethane (10 ml) cooled to 0°C, N,N'-dicyclohexylcarbodiimide (DCC) (1.1 g) was added. Then the mixture was stirred for 30 min. To this solution was added a suspension of [II] (1.2 g) in dichloromethane (60 ml). After stirring at room temperature for 4 h, the formed dicyclohexylurea was filtered and washed with dichloromethane.
The filtrate was evaporated to dryness in vacuo. The residue was purified by silica gel chromatography with hexane-ethyl acetate (1:1, v/v) as eluent and recrystallized from hexane-ethanol to give [ IIIa] (1.5 g; 71%) as white crystals. The compound [IIIa] (1.3 g) was added with stirring at 0° C to trifluoroacetic acid (4 ml). The mixture was stirred at 0° C for 90 min, and then made alkaline with 10% sodium bicarbonate (60 ml). The crude product was extracted with ethyl acetate (100 ml). 
Condensation of Boc-L-phenylala- Preparation of (S)-2 phenylpropionic acid derivative as fluorescence reference The authentic L-LeuBOX, D-PgBOX and L-PheBOX derivatives of (S)-2-phenylpropionic acid were synthesized on a preparative scale in order to evaluate their reactivities and fluorescence properties.
To a solution of (S)-2-phenylpropionic acid (0.5 mmol) and DPDS (0.5 mmol) in dichloromethane (10 ml), were added a solution of chiral derivatization reagent (0.5 mmol) and TPP (0.5 mmol) in dichloromethane (10 ml). The reaction mixture was stirred at room temperature for 1 h, followed by washing with 5% HCI, 5% sodium bicarbonate and water. After being dried with anhydrous sodium sulfate, the resulting solution was evaporated in vacuo. The residue was purified on a silica gel column with hexane-ethyl acetate (1:1, v/v) as eluent. L-LeuBOX derivative of (S)-2 phenylpropionic acid. White crystals (0.11 g; 69%; mp. 199°C 
Derivatization procedure for carboxylic acid
Into a 4-ml amber-colored screw-capped vial were placed 100 µl of a dichloromethane solution of carboxylic acid (ca. 200 nmol/ml),100 µl of a dichloromethane solution of chiral derivatization reagent (400 nmol/ml), 100 µl of a dichloromethane solution of DPDS (800 nmol/ml), and 100 µl of a dichloromethane solution of TPP (800 nmol/ml). After being mixed, the reaction solution was allowed to stand for 5 min at room temperature. The solvent was evaporated to dryness with a stream of nitrogen gas, and the residue was dissolved in 400 µl of hexane-ethyl acetate (7 : 3, v/v) to make a sample solution and a 10 µ1 aliquot of the sample solution was injected into the HPLC system.
Chromatographic condition
Resolution of the resulting diastereomers was accomplished by using a TSKge1 Silica-60 column (5-µm particle size, 25X0.46 cm i.d.) (Tosoh) with hexane-ethyl acetate-acetic acid (700:300:1, v/v/v; for 2-arylpropionic acid, or 600 : 400 : l; for Z-amino acid) as mobile phase. The mobile phase was pumped isocratically at 1.5 ml/min. The excitation and emission wavelengths were adjusted to 330 and 375 nm, respectively. Column was maintained at 40° C.
Results and Discussion
Synthesis of chiral derivatization reagent In the indirect mode using chiral derivatization reagent, the derivatization reagent should have high optical purity, because this purity has a direct influence on the accuracy of the maximum detectable optical purity of chiral solute. Amino acid has been utilized as a natural, readily available and optically pure chiral source for preparation of chiral derivatization reagent without time-consuming steps of semipreparative resolution: e.g., L-leucineamide7, N trifluoroacetylprolyl chloride8, naphthosulfonylprolyl chloride9, o-(p-nitro- SCIENCES FEBRUARY 1994, VOL. 10 benzyl)tyrosine methyl ester10, N-fmoc-L-isothiocyanophenylalanine methyl ester' ', l-fluoro-2,4-dinitrophenyl-5-L-alanineamide12, and others.'3-16 However, few chiral derivatization reagents have fluorescence strong enough to permit the more sensitive detection of trace amounts of enantiomeric analyte.
In the present paper, we designed some chiral derivatization reagents, which were synthesized by condensation of 2-(4-aminophenyl)-6-methoxybenzoxazole with amino acid, for enantiomeric carboxylic acids. LLeucine, D-phenylglycine and L-phenylalanine were used as chiral sources in order to investigate effects of substituent of amino acid on chromatographic resolution and effects of absolute configration of amino acid on enantiomeric elution order. The synthetic route was shown in Fig. 1 . Three chiral derivatization reagents, LLeuBOX, D-PgBOX, and L-PheBOX, were prepared from condensation of 2-(4-aminophenyl)-6-methoxybenzoxazole with Boc-amino acid in dichloromethane with DCC, following by deprotecting with trifluoroacetic acid. The optical purities of these reagents were more than 99.9%, as evaluated by chromatographic separation using TSKgel Enantio P1 with hexane-l,2-dichloroethane-2-propanol (6 : 3 :1, v/v/v) as mobile phase after derivatization with 3,5-dinitrobenzoyl chloride.
These reagents were stable at room temperature for at least 3 months with protection from humidity and light, and the dichloromethane solutions were also stable at room temperature for at least 1 week.
Fluorescence properties of the derivative
As shown in Fig. 2 , the excitation and emission spectra of L-PheBOX derivative of (S)-2-phenylpropionic acid were measured in hexane-ethyl acetate (7:3). The solution is similar to the mobile phase used for the chromatographic separation of the derivatives of carboxylic acid enantiomers with the chiral derivatization reagents. Under this condition, the excitation and emission maxima were obtained at 330 nm and 375 nm, respectively.
Derivatization conditions for carboxylic acids
Various derivatization reactions of carboxylic acids with amines have been developed in the area of peptide synthesis. Of these methods, Mukaiyama et al." reported that oxidation-reduction condensation using DPDS and TPP produced peptides in high yields with high optical purity under mild reaction conditions. According to the Mukaiyama method, the derivatization reaction of carboxylic acids with the chiral derivatization reagents was achieved in the presence of DPDS and TPP, as shown in Fig. 3 . The reaction yield-time profile of the reaction of (S)-2-phenylpropionic acid with LPheBOX was investigated in the presence of DPDS and TPP in dichloromethane at room temperature. Under this condition, the rate of the fluorescent amide formation was rapid and the derivatization reaction was completed almost quantitatively by evaporation with a stream of nitrogen, within 5 min. The reaction was promoted by concentration of the reaction solvent with a stream of nitrogen after mixing the reaction mixture.
No racemization of the product or chiral derivatization reagent occurred, even when reaction time was prolonged to 2h.
The effect of L-PheBOX amount on the derivatization reaction of (S)-2-phenylpropionic acid with L-PheBOX was examined; results are shown in Fig. 4 . The reaction yield was almost quantitative at amounts more than 40 nmol of L-PheBOX, which was in 2-fold excess against the amount of (S)-2-phenylpropionic acid.
The effect of amounts of DPDS and TPP on the derivatization reaction of (S)-2-phenylpropionic acid with L-PheBOX was tested, as shown in Fig. 5 . The reaction yield was almost quantitatively constant at the amounts more than 80 nmol each of DPDS and TPP, which was a 2-fold excess against the amount of the chiral derivatization reagent.
From these results, the derivatization conditions were adopted as described in Experimental.
Chromatographic separation The applicability of the chiral derivatization reagents to the liquid chromatographic resolution of carboxylic acid enantiomers was investigated.
The enantiomeric Z-amino acids and 2-arylpropionic acids which are important classes of non-steroidal anti-inflammatory drugs (NSAIDs) display stereoselective activity, were taken as model compounds.
In general, normal-phase chromatography is more suitable than reversed-phase chromatography for the separation of diastereomeric amides, because the hydrogen bonding between an amide group and stationary phase is important for the efficient resolution of diastereomers.lg-20 In actuality, no satisfactory separation of the diastereomers formed from Z-amino acids or 2-arylpropionic acids was obtained on reversedphase column using aqueous acetonitrile as mobile phase. Tables 1 and 2 give the capacity factors (k') and resolution values (RS) for the diastereomeric amides derived from Z-amino acids or 2-arylpropionic acids with the three chiral derivatization reagents on a normalphase column. The diastereomers were found to be readily resolvable on a normal-phase column. Typical chromatograms are shown in Figs. 6 and 7. L-PheBOX had the highest resolution potential among of three chiral derivatization reagents, as listed in Tables 1 and 2 . The effect of substiuent of the reagents on resolution of diastereomers formed was not observed obviously.
Using L-LeuBOX or L-PheBOX derived from L-amino acid, (S)-arylpropionic acids were eluted before the corresponding (R)-enantiomers, and Z-D-amino acids were eluted before the corresponding L-enantiomers with no exception. While using D-PgBOX derived from Damino acid, the elution order of (R)-and (S)-arylpropionic acids, and Z-L-and D-amino acids were reversed. These results suggest that the elution order depends on absolute configuration of amino acid which was introduced to the chiral derivatization reagent. Therefore, with proper selection of amino acid, which was introduced to the chiral derivatization reagent, it is possible to achieve elution of impurity peak before the main peak, this facilitating quantitative evaluation of the ratio of the peak area. For example, if the Z-D-amino acid impurity in Z-L-amino acid is determined, the L-form of the reagent can be used.
Excess of the derivatization reagent was strongly retained in the column and not eluted for at least 2 h under the chromatographic conditions employed. Therefore, a simple cleanup procedure, such as acidic liquid-liquid extraction to remove the excess of reagent, may be necessary to avoid interference of the excess of reagent and deterioration of silica-gel column in some applications.
The amides obtained were highly responsive to a fluorescence detector; the detection limit of the authentic derivative obtained from the reaction of (5)-2-phenyl- propionic acid with L-PheBOX on the normal-phase column was 70 fmol at a signal-to-noise ratio of 3.
A calibration graph of peak area versus concentration of (S)-2-phenylpropionic acid labeled with L-PheBOX was plotted. A good linear detector response (linear regression coefficient =1.000) was observed in the range of 2.0 -500 pmol injected on-column.
Multiple derivatization (n=6) of (S)-2-phenylpropionic acid followed by HPLC gave peak areas with relative standard deviation of 1.8% at 20 pmol of (S)-2-propionic acid analyzed.
The three chiral derivatization reagents were readily obtained from condensation of 2-(4-aminophenyl)-6-methoxybenzoxazole and amino acid, with high optical purity. These newly synthesized reagents are of great use for separation of enantiomeric carboxylic acids by HPLC. The proposed method is expected to be suitable for the resolution of enantiomeric carboxylic acids. Its high sensitivity may provide much more precise information on the determination of enantiomeric carboxylic acids, including NSAIDs that have a structure containing 2-arylpropionic acid in biological fluids.
